This paper presents a detailed characterization of the trajectory of a single housefly freely walking in a square cage. The trajectory of the fly is recorded and transformed into time series, which is fully analyzed by the method of AR model. A main discovery is that the fly switches the styles of motion from the low dimensional regular pattern to the higher dimensional disordered pattern. In particular, the anomalous diffusion is found to well characterize the fly's exploration behavior. The exploration behavior analysis is important form both psychological and dynamical system' point of view.
Introduction
This study characterizes the trajectory of a single housefly freely walking on a horizontal flat surface of a cage. A kind of housefly seldom flies but forages a cage for food. This foraging behavior is spontaneous and sometimes looked intentional. The motion structure can be interesting from both psychological and dynamical systems' point of view, however, the detailed characterization is yet to be done.
We use an AR model 1, 2 for the first time to analyze the trajectory, and showing that the trajectory of a fly walking is not a simple random walk. The fact that the foraging pattern is deviated from the random walk, which has been discussed in terms of the foraging efficiency [6] [7] [8] [9] [10] is related with an anomalous diffusion of the fly's walk.
Using the AR method, we classify the time series of the fly's this motion patterns during the foraging behavior, and we can point out the psychological aspect of a fly. Even a simple animal such as a fly that has no development of the cerebrum, chooses the movement with respect to the information of the environment, so that the trajectory has some information of 1/16 J. Phys. Soc. Jpn.
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sensori-motor coupling of the flies, and the adaptability to the environment. Apparent changes of the fly's walk were studied between pre-and post-feeding phases in terms of the angle turned and the distance (e.g. forwarding) movement. 3 Before feeding, there is considerable variation in both the angle turned and the distance movement. But, after feeding, there is a sharp increase in the mean angle turned and a sharp decrease in the distance moved and those movements for one minute after feeding are nonequilibrium. From this result, they reported that these responses act to keep the fly in the immediate area of feeding, increasing the probability of additional discoveries of the food, if they were clumped.
In our analysis of a local stationary AR model, we found that the distance movement took a stationary distribution, which is rather inconsistent with their results. We assume that the difference comes from the definition of "stationary" in our method. Our definition is appropriate if we regard a fly as a motivated autonomous agent having a structured motion pattern.
The number of the available data set is still restricted highly, we will report mainly two things, using these data.
(1) The effective changes, measured by the AR model, are consistent with the motion structure changes.
(2) Anomalous diffusion was cleanly observed for the forging behavior.
The AR model shows us some different aspects of the time series' character from those reported before, 3, 4 where their method is often called descriptive statistics. Although the AR model is one of the simplest models that studies time structure, it is effective to investigate basic dynamic characteristics.
Method

Experiment
We used a housefly, and recorded the trajectory of its walking, using the system which is the combination of acryl cage, digital video camera and a personal computer. The figure   1 shows the whole picture of our system. A fly is put in the acryl cage whose size is 47 cm square and 2.5 cm deep. From the above cage, the digital video camera is taking the whole 2/16 picture of it. Then the place of the fly in the picture is transformed to two dimensional time series (on x, y coordinate), using a personal computer.
Small droplets of sugar solution (4 % source), 2 µl, were distributed on the floor of the cage. We also make some experiments under the no sugar solution condition for comparison. Figure 2 shows a trajectory of a fly for about 7 minutes.
Local stationary AR model
We use a local stationary autoregressive (AR) model to analyze the time series. The local stationary AR model is based on an AR model as follows. Let us denote the value of time series at time t, t − 1, t − 2, ... by x t , x t−1 , x t−2 , .... Also let z t , z t−1 , z t−2 , ... be the deviations from the mean value of the time series µ, i.e. z t = x t − µ. The mth order AR model is defined as follows.
where w t is the Gaussian white noise whose variance is σ 2 . A standard Akaike Information Criteria (AIC) is used to decide the effective AR coefficients a 1 , a 2 , ..., a m and the variance σ 2 of this model. 1 A local stationary AR model is constructed from this as follows. Divide the time series into the well-defined small intervals which have the same length L, and suppose the AR model is stationary in each interval. Using the AIC, we decide the AR coefficient and the variance in the first and second interval and name these AIC values as AIC 1 and AIC 2 , respectively.
(See Fig. 3 .) Now, we regard the united interval from the starting point of the first interval to the ending point of the second interval as one interval. Using the AIC method, we decide the AR coefficient and the variance for this interval in the same way as before, and name this AIC value as AIC 12 . If AIC 1 + AIC 2 < AIC 12 , then we assume the two interval are driven by the different AR model, and otherwise, the two interval are driven by the same AR model.
When this inequality holds AIC 1 + AIC 2 < AIC 12 , we regard the second interval as a first interval and the third interval as a second interval, and do the same procedure as before.
When the inequality AIC 1 + AIC 2 > AIC 12 holds, we regard the united interval as a first interval and the third interval as a second interval. We continue the same procedure until all
the data set is investigated.
The analysis of the AR method is appropriate if we regard a fly as a structural creature and its walking has also structure.
Spectrum
If the local AR model concludes that two sequence parts of the time series are different, then we conclude that it is due to the nonstationary or nonlinear effects of the fly's walk. We should think that even the time series is separated by the local AR model, it doesn't mean that the strategy of the fly's walk is changed at that separated point. The local stationary AR model is too rigid for its classification of the time series, so that we further use a spectrum analysis to do classification.
For the AR model,
we compute its spectrum as follows.
Analysis
We decompose the time series into a velocity l i and an angular element θ i parts. Before applying the local stationary AR model, we define a velocity difference as z i = l i − l i−1 as this value symmetrizes. Figure 4 shows the time series of the velocity's difference (a) and the angular difference (b), which we will analyze practically in this paper.
Anomalous Diffusion
Anomalous diffusion is observed in many kinds of exploration behavior of organisms. 8, 9
Here we define the anomalous diffusion as follows. Examine the diffusive speed for the fly's walk as
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If the α is less than zero, it implies an anomalous diffusion. α = 0 implies the Gaussian random walk.
The anomalous diffusion is believed to be efficient movement for the foraging behavior. The fly's exploration pattern is smooth, whereas the Lévy walks studied in [8, 9] are a combination of straight lines. However, the fly's walk realizes the anomalous diffusion, using several walking pattern, which is classified by the AR model in this paper. It is possible to make an anomalous diffusion form the combination of other walking styles. 10 
Results
Time series in Fig. 2 is for about 7 minutes and the duration of the time series is 0. Right after the fly left the solution, the fly walked around the solution for about one minute, and so the line is crowded around there ( Fig. 5 (a) ). And also it seems that the fly's walking pattern has a certain center. Our interpretation for this fly's behavior is that the fly predicts the probability of finding a sugar near that area is higher than at the other places. And we could assume that this prediction is the result of the adaptation to the natural environment of the fly.
Figure 5 (b) shows the trajectory after in Fig. 5 (a) . The fly's walking pattern changes its character with in Fig. 5 (a) . The density of the trajectory is lower, and the fly walks in the wider area. After searching near found food area for a while, the fly seems to search wider area. This strategy may also make the finding food probability higher.
The results of the local AR model are given in Table I . Concerning the velocity's difference, two intervals are combined from 171 steps to 370 steps, and two from 871 steps to 1070 steps. fly can separately choose its angular motion and velocity motion.
We expect that the AR order changes corresponding to the changing motion structure of the fly's walk with respect to the angular differences. In the interval from 171 to 470, the AR order is higher, and this fact corresponds to that the fly's walk in this interval seems to wind around the sugar solution it found. In the interval from 671 to 1170 and from 1271 to 1370, the AR order becomes lower and the elements of the longer period are higher in its spectrum as we will mention later, and this fact corresponds to that the fly's walk is getting smoother.
For the case of the interval from 471 to 670, we have to consider the effect not only from the angular difference but also from the velocity's difference. Figure 9 shows log-log plots for the eq. (2) and it shows that the points well fit from the time interval 0.4s to 8s. We got α = −0.47 using these points. This result intends that the
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fly's walk is indeed an anomalous diffusion. From these results, we can state that a fly realizes its higher searching efficiency for a food, using several different style of exploration behavior.
Concluding remarks
We found that the velocity and angular elements synchronously change with respect to the AR dimension but sometimes they change asynchronously. Based on the observation, we assume that a fly has a control system of walking movement. There are two main choices, one is for the velocity element, and the other is for the angular element. There are several channels for each main choice, and a fly chooses one channel for each main choice, and then the fly creates its walking pattern.
We assume the time series of the fly's walk as the locally stationary time series, but we should carefully concern with nonstationary or nonlinear aspect of the time series. To solve the problem of the nonstationarity or nonlinearity of the fly's walk, we may need to find another time series model besides the AR model. It is true that a fly does not walk long, but stops rather frequently and sometimes flies. This is another disturbing factor in this experiment. It seems that a fly tries to fly, when it cannot find anything interest after a while. A big jump about 500 steps found in Fig. 4 
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